Transition rates, oscillator strengths, and line strengths are calculated for the 49 possible electric-dipole transitions between the eight even-parity 2s2p 2 states and the seven odd-parity 2s 2 2p and 2p 3 states in boronlike ions with nuclear charges ranging from Zϭ6 to 100. Relativistic many-body perturbation theory ͑MBPT͒, including the Breit interaction, is used to evaluate retarded E 1 matrix elements in length and velocity forms. The calculations start from a 1s 2 Dirac-Fock potential. First-order MBPT is used to obtain intermediate coupling coefficients and second-order MBPT is used to calculate transition matrix elements. Contributions from negative-energy states are included in the second-order E 1 matrix elements to ensure gauge independence of transition amplitudes. The transition energies used in the calculation of oscillator strengths and transition rates are from second-order MBPT. Transition rates, line strengths, and oscillator strengths are compared with critically evaluated experimental values and with results from other recent calculations. Lifetimes of the five possible odd-parity upper levels and the five possible even-parity upper levels are given for Zϭ6 -100. Trends of the transition rates as functions of Z are illustrated graphically for selected transitions.
I. INTRODUCTION
Many theoretical studies of transitions in B-like ions have been made during the past 30-40 years, especially for electric-dipole transitions within the nϭ2 complex of states. Transition rates and oscillator strengths for B-like ions have been calculated using Z-expansion ͓1-5͔, configuration interaction ͑CI͒ ͓6-15͔, multiconfiguration Hartree-Fock ͑MCHF͒ ͓16-25͔, R-matrix ͓26,27͔, model potential ͓28-31͔, and multiconfiguration Dirac-Fock ͑MCDF͒ ͓32-34͔ methods. A correspondingly large number of experimental studies of the lifetimes of nϭ2 states have been made using beam foil techniques. Most of these investigations concerned low-Z ions: N 2ϩ ͓35-42͔, O 3ϩ ͓40,43-45͔, F 4ϩ ͓46͔, Ne 5ϩ ͓47-49͔, and Na 6ϩ ͓50͔. Lifetime measurements for the high-Z ions Si 9ϩ ͓51,52͔, P 10ϩ ͓53͔, S 11ϩ ͓54,55͔, and Cl 12ϩ ͓56-58͔ have also been reported. A critical data compilation based on available theoretical and experimental sources was given by Wiese, Fuhr, and Deters ͓59͔ for B-like carbon, nitrogen, and oxygen. Critical data compilations for high-Z boronlike ions are given in ͓60-65͔.
In the present paper, relativistic many-body perturbation theory ͑MBPT͒ is used to determine matrix elements, oscillator strengths, and transition rates for all allowed and forbidden electric-dipole transitions within the nϭ2 complex of states in boronlike ions with nuclear charges ranging from Zϭ6 to 100. Retarded E 1 matrix elements are evaluated in both length and velocity forms. These calculations start from a 1s 2 Dirac-Fock potential. First-order perturbation theory is used to obtain intermediate coupling coefficients and secondorder MBPT is used to determine transition matrix elements. Contributions from negative-energy states are included in the second-order E 1 matrix elements to ensure agreement between length-form and velocity-form amplitudes. The transition energies used in the calculation of oscillator strengths and transition rates are obtained from second-order MBPT.
The present data, which are in fair agreement with critically evaluated data for low-Z ions, increase in accuracy with increasing Z. Our data are in good agreement with R-matrix calculations ͓27͔ for low Z and in fair agreement with MCDF calculations ͓32͔ for high Z. Our predicted lifetimes agree with all available experimental values to within one or two times the estimated experimental errors. We believe that the present data are more accurate than other available experimental or theoretical data for intermediate and high-Z ions, Zу10.
II. METHOD
The evaluation of the first-and second-order reduced dipole matrix elements Z
(1) and Z (2) for boronlike ions follows the pattern of the corresponding calculation for berylliumlike ions given in Ref. ͓66͔ . We use the second-order one-and two-particle matrix elements for berylliumlike ions calculated in ͓66͔, but recoupled as described in the Appendix, to obtain the contributions from first-and second-order perturbation theory; the reader is referred to ͓66͔ for a discussion of how the basic one-and two-particle matrix elements were evaluated. It should be noted that the uncoupled one-and two-particle matrix elements calculated in ͓66͔ are the only data needed in the present second-order MBPT calculation. This is in contrast to calculations of the second-order energy E (2) for systems with three valence electrons, where additional three-particle diagrams must be evaluated ͓67͔.
The model space for the nϭ2 complex in boronlike ions has seven odd-parity states and eight even-parity states. These states are summarized in Table I , where both j j and LS designations are given. When starting calculations from relativistic Dirac-Fock wave functions, it is natural to use the j j designations for uncoupled transition and energy matrix elements; however, neither j j nor LS coupling describes physical states properly, except for unique states such as 2 p 3 2 D 5/2 ϵ2p 3/2 2p 3/2 ͓2͔2 p 1/2 ͓5/2͔. In Table II , we list values of uncoupled first-and secondorder dipole matrix elements Z
(1) and Z (2) , together with derivative terms P (derv) for B-like iron, Zϭ26. For simplicity, we only list values for the six possible transitions between even-and odd-parity three-particle states with Jϭ1/2. The derivative terms shown in Table II arise because transition amplitudes depend on energy, and the transition energy changes order-by-order in MBPT calculations. Both length and velocity forms are given for the matrix elements. We can see that the first-order matrix elements Z L
(1) and Z V (1) differ by 10-20 %; the L -V differences between second-order matrix elements are much larger as seen by comparing Z L (2) and Z V (2) . Physical two-particle states are linear combinations of uncoupled three-particle states (vwu) in the model space; correspondingly, transition amplitudes between physical states are linear combinations of the uncoupled transition matrix elements such as those given in Table II . The expansion coefficients and energies are obtained by diagonalizing the effective Hamiltonian as discussed in ͓67͔. In the last paragraph of the Appendix, we give a detailed explanation of how the uncoupled matrix elements listed in Table II are combined to give coupled matrix elements between physical states.
In Table III , we present values of coupled reduced matrix elements in length L and velocity V forms for the six 1/2-1/2 transitions considered in Table II . Although we use an intermediate-coupling scheme, it is nevertheless convenient to label the physical states using the LS scheme. We see that the coupled matrix elements in Table III differ in L and V forms only in the fourth or fifth digits. These L -V differences arise because we start our MBPT calculations using a nonlocal Dirac-Fock ͑DF͒ potential. If we were to replace the DF potential by a local potential, the L -V differences would disappear completely.
It should be emphasized that we include negative energy state ͑NES͒ contributions to sums over intermediate states.
Ignoring these NES contributions leads to small changes in the L-form matrix elements but substantial changes in some of the V-form matrix elements, with a consequent loss of gauge independence. We find that negative energy states contribute from 1% to 3% to the V-form matrix elements for B-like iron shown in Table III . The NES contributions to V-form matrix elements become larger for small Z, especially for transitions with ⌬Sϭ1, where they can contribute as much as 30%.
III. RESULTS AND DISCUSSION
In Table IV , we compare our results for transition rates A(s Ϫ1 ), oscillator strengths f, and line strengths S ͑a.u.͒ of LS-allowed transitions in N 2ϩ with recommended data from the National Institute for Standards and Technology ͓59͔. In view of the gauge independence discussed above, our results are presented in L form only. Uncertainties in the recommended values given in ͓59͔ were estimated to be less than 10% based on comparisons with experimental results from lifetime and emission measurements. The agreement between theoretical L-form and V-form theoretical results was also used in ͓59͔ as an indicator of accuracy. Our theoretical results are seen to agree with the recommended data for the low-Z ion N 2ϩ at the 10-30 % level. Since the present transition data are obtained using a single method for all Z and are expected to improve in accuracy with increasing Z, we expect that our data for high Z will also be reliable.
In Table V , we present theoretical transition data for all 49 transitions in two high-Z ions, Fe ϩ21 and Xe 49ϩ . The data for Fe ϩ21 agree with the recommended values from Ref. ͓64͔ to better than 10% for LS-allowed transitions and to 10-30 % for LS-forbidden transitions. We expect our values to be more accurate than the data from ͓64͔ for both allowed and forbidden transitions, since Coulomb and Breit correlation corrections are included in our calculations as well as retardation.
Results of the present calculations for lifetimes ͑ps͒ of five even-parity 2s2p 2 levels and five odd-parity 2p 3 levels in B-like ions with Zϭ6 -100, obtained by summing E 1 transitions rates from each level to all possible lower levels, can be found in Table I of the E-PAPS file ͓69͔. Contributions of different decay channels for 2p 3 2 D 5/2 and 2 p 3 2 D 3/2 levels are shown in Figs. 1 and 2. We see that LS-allowed transitions give the largest contribution to the rates for Z up to 25. Contributions from LS-forbidden transitions compete with strongest allowed rates for higher values of Z. Our lifetime data are compared with experimental measurements for ions with Zϭ7 -10 in Table VI and Z ϭ14-17 in Table VII . In both ranges of Z, our theoretical lifetimes agree with measured lifetimes to within one or two times the experimental error limits.
It is of some interest to consider theoretical rates A J for 2s 2 2 p 2 P J -2s2 p 2 2 S 1/2 and 2s 2 2 p 2 P J -2s2 p 2 2 P 1/2 tran- sitions for Jϭ1/2 and 3/2. The branching ratio A 3/2 /A 1/2 for the former transition is equal to 2 in the LS-coupling limit, as is the ratio A 1/2 /A 3/2 for the latter transition. Deviation of either ratio from 2 indicates the presence of relativistic ͑spin-orbit͒ effects. The spin-orbit interaction for the 2s2 p 2 2 S 1/2 and 2 P 1/2 levels was discussed by Dankwort and Trefftz in ͓20,21͔. The model space for even-parity states with Jϭ1/2 includes three states: 2p 1/2 2 p 1/2 ͓0͔2s 1/2 , 2 p 1/2 2 p 3/2 ͓1͔2s 1/2 , and 2p 3/2 2 p 3/2 ͓0͔2s 1/2 . The strong mixing of 2p 1/2 2 p 3/2 ͓1͔2s 1/2 and 2p 3/2 2 p 3/2 ͓0͔2s 1/2 states was Fig. 3 , we compare the experimental data from ͓68͔ with our theoretical values. The trend of the experiments follows the theoretical predictions fairly well, but there are substantial deviations from the theory, especially for Zϭ15. It should be noted that the data given in ͓68͔ provided the first systematic study of line intensity ratios and served as a probe of intermediate coupling in the B-like system. Comparison of our calculations of transition rates and oscillator strengths with R-matrix calculations from Ref. ͓27͔ and with MCDF calculations from ͓32͔ for nine LS-allowed transitions in ions with Zϭ9, 18, and 26 can be found in Table II of the E-PAPS file ͓69͔. For the low-Z ion, our calculations agree fairly well with the R-matrix calculations, which include correlation, but they disagree substantially with the uncorrelated MCDF calculations. As Z increases, the present calculations deviate more and more from the nonrelativistic R-matrix calculations, which assume pure LS coupling. However, with increasing Z, the agreement between our calculations and the MCDF calculations improves, illustrating the diminishing importance of correlation with Z and the increasing importance of relativistic effects. The present calculations provide a natural way to interpolate between correlated nonrelativistic calculations at low Z and uncorrelated relativistic calculations at high Z.
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The general trends of the Z dependence of transition rates are illustrated for the transitions from the five 2s2p 2 levels into two 2s 2 2 p levels in B-like ions in Figs. 4 , 5, and 6. We observe strong deviations from LS coupling in all of these figures. For example, the ratio of transition rates 2s 2 2 p 2 P 1/2 -2s2 p 2 2 D 3/2 and 2s 2 2 p 2 P 3/2 -2s2p 2 2 D 3/2 is predicted to be 5 in LS coupling. From Fig. 6 , this prediction is seen to be valid for ZՇ10. This and other differences with predictions based on pure LS coupling can be observed in these figures. The sharp features near Zϭ25 in Fig. 4 and Zϭ29 in Fig. 6 are the results of a level crossings.
IV. CONCLUSION
We have presented a systematic second-order relativistic MBPT study of reduced matrix elements, oscillator strengths, and transition rates for 2s-2p electric dipole transitions in boronlike ions with nuclear charges Z ranging from 6 to 100. Our retarded E 1 matrix elements included correlation corrections from Coulomb and Breit interactions; contributions from negative energy states were also included to ensure gauge independence. Both length and velocity forms of the matrix elements were evaluated and small differences, caused by the nonlocality of the starting HF potential, were found between the two forms. Second-order MBPT transition energies were used in our evaluation of oscillator strengths and transition rates. These calculations were compared with other calculations and with available experimental data. For Zу10, we believe that the present theoretical data are more accurate than other theoretical or experimental data for transitions between nϭ2 states in B-like ions. We hope that these results will be useful in analyzing older experiments and planning new ones. Additionally, these calculations provide basic theoretical input amplitudes for calculations of reduced matrix elements, oscillator strengths, and transition rates in four-valence atomic systems.
APPENDIX
The model space state vector for an ion with three valence electrons outside a closed core can be represented as ͓67͔ 
where we use the notation K i ϭ͕J i ,M i ͖. Here ͉0͘ is the state vector for the core (1s 2 , in our case͒. The quantity ͗K 1 K 2 ͉K 3 ͘ is a Clebsch-Gordan coefficient:
with ͓J͔ϭ2Jϩ1. The quantity C vv 1 ww 1 uu 1 (J 12 ,J 12 Љ ,J) is a symmetry coefficient defined in ͓67͔,
͑A3͒
where N(v 1 w 1 ͓J 12 ͔u 1 ) is a normalization constant and
͑A4͒
Using this representation, it is possible to express contributions in three-electron systems of first-and second-order MBPT diagrams in terms of the contributions of these diagrams to two-electron ͑berylliumlike͒ ions: In the above equation, Z (1) is the uncoupled first-order E 1 matrix element for a two-electron system, while Z (RPA) and Z (corr) are random-phase approximation and correlation contributions to the uncoupled second-order matrix element for two-electron systems. The calculation of these matrix elements, which include contributions from the Coulomb and Breit interactions, was described previously in ͓66͔. where E vwu (1) is the first-order correction to the energy and ␣ is the fine-structure constant. The quantity P (derv) in Eq. ͑A8͒ can be written in terms of its counterpart P (derv) (vwJ ϪvЈwЈJЈ) in a two-electron system as P (derv) 
͑A9͒
Coupled three-particle matrix elements Q (1ϩ2) (IϪF) are given in terms of the uncoupled three-particle matrix elements discussed in the previous paragraphs by 
͑A10͒
Here ⑀ vwu ϭ⑀ v ϩ⑀ w ϩ⑀ u is the lowest-order energy; E 1 with ϭF or I is the first-order energy, which is given as the th eigenvalue of the first-order effective Hamiltonian; and C 1 (vwu) with ϭF or I is the first-order coupling coefficient, which is given as the eigenvector belonging to E 1 . Using these formulas, we transform the uncoupled matrix elements between symmetrized j j states given in Table II to intermediate coupled matrix elements between physical states given in Table III. 
